The origin of the highest energy Galactic cosmic rays is still not understood, nor is the transition to EeV extragalactic particles. Scientific progress requires enhancements of existing air-shower arrays, such as: IceCube with its surface detector IceTop, and the low-energy extensions of both the Telescope Array and the Pierre Auger Observatory. 1 arXiv:1903.07713v1 [astro-ph.HE]
Overview and Science Goals
The most powerful accelerators of cosmic rays in our Milky Way have not yet been revealed. In the past decade, several experiments have found evidence that the highest energy cosmic rays (CRs) -above a few EeV -seem to be of extragalactic origin [1, 2] . However, there are major open questions regarding Galactic cosmic rays (GCRs) in the energy range from ∼0.1 PeV to ∼1 EeV (10 14 -10 18 eV): the source of the highest-energy GCRs remains unidentified; the maximum energies of various acceleration mechanisms are uncertain; the Galactic-extragalactic transition and several features in the CR energy spectrum, such as the Knee, the Second Knee, and the Ankle, are not well understood. These questions can be addressed through improved GCR measurements in conjunction with gamma-ray and neutrino observations. Bringing multi-messenger astrophysics to maturity requires a consistent understanding and sufficient measurement accuracy for all messengers. In particular, the mass composition of CRs is highly sensitive to their origin and propagation [3] , and the discovery of mass-dependent anisotropies may reveal the most energetic sources in the Galaxy, either directly or in combination with other messengers. In the next decade, detector enhancements will bring essential improvements in accuracy for GCRs, and may add a GCR channel to neutrino and gamma experiments, transforming them to multi-messenger detectors.
In this white paper, opportunities for research regarding high-energy GCRs will be presented and discussed. The most important goals are as follows:
• Determine the maximum acceleration energy for GCRs and understand the transition from Galactic to extragalactic cosmic rays. This may be accomplished by discovering the most energetic source in the Milky Way. The Galactic Center is a promising candidate [4, 5] , which can be tested by combining mass-resolved GCR measurements with searches for PeV neutrinos and photons. Alternative hypotheses include re-acceleration scenarios and the high-energy tail of a smooth source distribution, e.g., supernova shock fronts.
• Clarify the nature of features in the energy spectrum ( Fig. 1 ): Is the Knee related to different populations of sources or magnetic diffusion of the CRs during propagation? Is the Second Knee a feature of the Galactic-to-extragalactic transition, and is it related to the maximum acceleration energy of a particular source population or to the propagation of GCRs? How are features in the energy spectrum linked to features in the large-scale anisotropy (Fig. 2) ?
• Describe the full picture of sources and propagation of GCRs using joint interpretations with other astrophysical messengers and astronomical observations, such as measurements of Galactic magnetic fields. A Galactic contribution to the astrophysical neutrino flux can provide a lower limit on the maximum acceleration energy [6] .
• Resolve apparent differences between CR measurements by various air-shower arrays. What is the reason for differences in their energy scales [7] ? Why is the knee-like feature at 0.7 PeV observed only by ARGO [8] , and how is it related to the Knee at 3 PeV? Are there differences in GCRs from different parts of the sky further than the small difference in the absolute flux due to the large-scale anisotropy?
• Use GCRs to access particle physics beyond the phase space of current human-made accelerators. A better understanding of hadronic interactions is a science goal by itself, and is also required to fix the mismatch in muons between simulations and data [9] [10] [11] [12] [13] , which constitute a major systematic uncertainty for the interpretation of GCR measurements [14] . Cosmic-ray energy spectrum and mass composition. This plot reflects a recent attempt for a combined fit of flux and composition measurements by different experiments, where the individual spectra [8, [15] [16] [17] [18] [19] [20] have been multiplied by a constant (inset) to adjust them to a common energy scale. The bands are one-sigma uncertainties derived from published experimental data (see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hardenings of the spectrum which can be approximated by a power law in between these features. For future progress in GCR science, it is important to reduce the uncertainties by improving hadronic interaction models and enhancing air-shower arrays to perform hybrid measurements.
State of the Art in High-Energy GCR Science
To understand how these science goals can be targeted by more accurate mass measurements of GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science. GCRs have a strongly mixed composition of elements from proton to iron at all energies ( Fig. 1 ; see [36] [37] [38] [39] [40] [41] for reviews). The exact composition varies with kinetic energy. During their propagation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an almost isotropic arrival direction at Earth (Fig. 2) . Weak anisotropies have been measured for the all-particle flux [21, [42] [43] [44] , but are difficult to interpret because the present accuracy of air-shower arrays does not allow for efficient per-event classification of the mass of GCRs.
Features in the energy spectrum ( Fig. 1 ) and large-scale anisotropy ( Fig. 2 ) mark the 100 TeV to 1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier components suggest that GCR at 100 TeV and at a few PeV might belong to different populations of sources. However, we do not yet know why the Knee, as the most prominent feature in the energy spectrum, does not coincide with a significant feature in the anisotropy measurements. Current anisotropy searches are not yet sensitive enough in this energy range [45] .
Around 100 PeV the heavy component in the energy spectrum becomes softer [46] , and at about the same energy the light component becomes harder [47] . The relation to the Second Knee in the all-particle spectrum detected by several experiments at two to three times higher energy needs direction of Galactic Center Figure 2 : Large-scale cosmic-ray anisotropy: amplitude (left) and phase (right) of the first harmonic measured by various air-shower experiments, each covering only a part of the sky. In the amplitude plot, upper limits are shown for measurements with a significance of less than three sigmas. The first phase flip may indicate that GCR above 100 TeV belong to at least one different population. The second phase flip at a few EeV may be a signature of the transition from Galactic to extragalactic sources. Figure adopted from [21] , data from [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
further investigation [16, 48] . Are these separate features or one feature extending over a larger energy range? Moreover, a better comparison of the absolute energy scales of different experiments is needed to check for their compatibility. A detailed understanding is of particular importance since this energy range around 100 PeV could mark the start of the Galactic-to-extragalactic transition.
The change of the large-scale anisotropy around 1 EeV is likely related to the Galactic-toextragalactic transition, too [49] . Recent observations indicate that this transition seems to be completed at an energy below the Ankle. At higher energies, the large-scale dipole anisotropy points away from the Galactic Center. At a few EeV, no strong anisotropy is observed, although anisotropy is expected if the sources are mostly Galactic in the EeV range [1, 2] . To distinguish and resolve several models suggesting a lower transition energy, e.g., [50] [51] [52] [53] [54] , more accurate experimental data is required. The transition energy from Galactic to extragalactic cosmic rays is of interest by itself, since it may either be related to the propagation of GCRs or mark their maximum acceleration energy. Since the most energetic GCRs are expected to consist of heavier nuclei, a per-event mass classification is vital to separate them from the extragalactic CRs, which consist mostly of light nuclei at energies below the Ankle [55] .
Theoretical models and observations suggest that GCRs are predominantly accelerated by supernova shock fronts, but it is difficult to explain the origin of the most energetic GCRs with this mechanism [56] . The Galactic Center might be a more powerful accelerator than supernovae, as gamma-ray observations suggest a maximum energy of at least 1 PeV for protons [4, 5] . Typically it is assumed that any electromagnetic acceleration process will have a maximum energy for nuclei of Z times the maximum for protons, where Z is the charge number of the CR nucleus. To account for the most energetic GCRs in the Milky Way, a maximum energy of Z times at least a few PeV if not several 10s of PeV may be required, depending on the transition energy to extragalactic CRs, and the mass composition of the GCRs at the transition energy. Measuring the spectra of individual mass groups may resolve these so-called Peters cycles [57] of the Z dependence of the maximum acceleration energy, and indicate how many source populations exist.
In summary, we do not yet know what accelerates the most energetic GCRs and need to understand the transition to extragalactic CRs. In addition to multi-messenger observations, the key for progress is to increase the measurement accuracy for GCRs by enhancing detectors for air showers.
Progress and Challenges in Detection Techniques
The measurement of CRs at energies of a PeV and beyond remains challenging because only indirect measurements by air showers can acquire sufficient statistics. The interpretation of these air showers is subject to systematic uncertainties that depend on the type and coverage of the used instrumentation. Deficits of hadronic interaction models [9] constitute a major systematic uncertainty. Improving the models requires input by accelerator experiments and by enhanced airshower arrays providing hybrid measurements of all accessible shower components. According to the paradigm of shower universality [58, 59] , air showers can be described in good approximation by only a few parameters, such as their direction, energy, muon content and the depth of the shower maximum, X max . Shower-to-shower fluctuations and the similarity of showers initiated by different primary nuclei lead to intrinsic systematic uncertainties. Therefore, when using state-ofthe-art techniques, maximizing the accuracy for the properties of the primary particle requires the simultaneous measurement of at least the energy, the number of muons, and X max .
In the past, the accuracy of most air-shower arrays for GCRs was limited by using a single technique, such as particle or air-Cherenkov detectors. For example, KASCADE [60] and IceTop [61] statistically estimated the mass composition based on the muon content. Tunka, TALE, and Auger used X max for this purpose [16, 62, 63] . While mass measurements based on the muon content have a high precision, they suffer most from uncertainties due to deficiencies in the hadronic models [14] . Even though the LHC reaches the center-of-mass energy of GCR collisions with the atmosphere, its experiments do not cover the complete phase space relevant for air showers [64] [65] [66] [67] . The interpretation of X max is presently more accurate since the electromagnetic component of air showers is better understood [68] . For EeV energies, the fluorescence technique yields the best accuracy for determining the energy and X max [3, 62, 69] , and below about a 100 PeV air-Cherenkov detectors are used for X max measurements [48, 70] . Both methods require clear, moonless nights. Recently there has been progress in the radio technique providing a 24/7 instrumentation for X max around 100 PeV [71] [72] [73] [74] [75] [76] , and possibly starting as low as 1 PeV [77] . This advance in technology enables hybrid arrays combining X max and muon measurements in the same experiment to maximize the total accuracy for CRs in the PeV-EeV range.
In the next decade, the inclusion of other observables in combination with modern analysis techniques, such as machine learning [78, 79] , needs to be investigated to increase the efficiency and reconstruction accuracy. GCR observatories have already played a crucial role in the development and test of new techniques, like radio [80] [81] [82] [83] [84] and microwave [85] measurements. Radio measurements also provide a new tool to compare the energy scales of different experiments [86] [87] [88] .
For understanding the origin of GCRs, more accurate air-shower instrumentation needs to be accompanied by multi-messenger astronomy of GCRs, photons, and neutrinos. First, the detection of photons and neutrinos can directly reveal sources of GCRs [89, 90] . For energies up to about 100 TeV, gamma-ray observatories have already discovered a few sources [91] [92] [93] [94] [95] [96] . PeV photons have not yet been observed, but may be emitted by the Galactic Center if it accelerates the most energetic GCRs [4, 77] . Second, an accurate knowledge of the absolute flux and mass composition of CRs is important for the interpretation of other messengers, e.g., to understand the background for neutrino measurements in IceCube [97] . Third, GCR, neutrino, and photon measurements need to provide a consistent picture. Measurements of diffuse gamma-ray and neutrino fluxes give insight in the propagation of GCR [98] [99] [100] [101] [102] . In particular, the diffuse gamma-ray flux observed by Fermi-LAT [103] is slightly in tension with the soft power-law neutrino flux deduced from the IceCube High Energy Starting Events [104] , which may indicate a non-negligible Galactic contribution to the astrophysical neutrino flux [105] [106] [107] . The observation of high-energy Galactic neutrinos will provide a lower limit on the maximum acceleration energy [6] , and may directly reveal sources, similar to the observation of Galactic gamma rays.
Experimental Plans for the Next Decade
Multi-messenger astronomy requires a solid foundation in accurate instrumentation for all cosmic messengers. While major investments in detectors for high-energy photons and neutrinos are foreseen, the required increase in accuracy for GCRs can be obtained for a comparably low cost. This improvement is possible by upgrading existing air-shower detectors. Furthermore, detectors built primarily for photons and neutrinos can be enhanced to provide accurate CR measurements at the same time, transforming them to multi-messenger observatories.
The scientific questions can be targeted with dedicated efforts for increasing the accuracy in the relevant energy range, in particular enhancements of the IceCube surface array, the Telescope Array and the Pierre Auger Observatory. Several future observatories with different main objectives will also contribute to GCR science, e.g., the SKA [108] , TAIGA [70] , and GRANDproto300 [109] . Their accuracy for cosmic rays will depend on whether they will be equipped with precise X max and muon instrumentation. Dense particle-detector arrays at high observation altitude optimized for gamma-astronomy, such as HAWC [15] , a HAWC-like southern observatory [110] , or LHASSO [111] will also have a high precision for GCRs in the PeV region.
IceCube with its surface array IceTop covers the complete range of high-energy GCRs from below 1 PeV to beyond 1 EeV [112] . The simultaneous measurement of low-energy particles at the surface and high-energy muons in the ice offers unique opportunities for the study of hadronic interactions [13] , and the search for PeV photons [113] . A planned enhancement by a scintillatorradio hybrid array will significantly increase the accuracy and sky coverage of IceTop [114] [115] [116] . Air-Cherenkov detectors can further enhance its accuracy around a few PeV and below [117] . Finally, a planned expansion of IceCube will increase the exposure by an order of magnitude [118] .
For studying the Galactic-to-extragalactic transition range, the most important contributions in the next years are expected from the low-energy extensions of the two leading observatories for ultra-high-energy CRs: the Pierre Auger Observatory [119] and the Telescope Array [48] . The TALE fluorescence detector at TA covers the energy range from about 2 PeV to beyond 1 EeV in monocular mode [48] , and the range above 100 PeV in an recently enabled hybrid mode with scintillation detectors [120] . To reach energies below 1 PeV, another planned addition to TALE is the Non-Imaging Cherenkov Array (NICHE) [121] . The Auger enhancements reach below 100 PeV. Their accuracy will be increased by installing underground muon detectors [122] , complementing the upgrade of the surface array [123] , and the fluorescence [119] , and radio detectors [124] .
The increase in accuracy, exposure, and sky coverage provided by these experiments will bring unprecedented sensitivity for the search of mass-sensitive anisotropies. Hence, the contribution of GCRs to multi-messenger astrophysics will be lifted to a new level providing a real chance finally to discover the most energetic accelerators in our Milky Way.
